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pH-Triggered  SERS  via  Modulated  Plasmonic  Coupling  in 
Individual  Bimetallic  Nanocobs 

Maneesh  l<.  Gupta,  Sehoon  Chang,  Srikanth  Singamaneni,  Lawrence  F.  Drum  my, 
Ray  Gunawidjaja,  Rajesh  R.  Naik,  and  Vladimir  V.  Tsukruk * 


Hybrid  organic-inorganic  nanostructures  are  a  critical  plat¬ 
form  for  a  wide  range  of  chemical  and  biological  sensing 
applications.!1-3^  Optical  responses,  such  as  Raman  scattering 
and  absorbance,  serve  as  a  signature  for  specific  chemical 
groups  and  can  be  used  for  identification  and  quantification 
of  analyte  molecules.!4!  Raman  scattering,  which  is  the  quan¬ 
tized  vibration  signature  of  a  molecule,  can  be  enhanced  when 
the  molecule  is  subjected  to  the  enhanced  electromagnetic 
field  caused  by  plasmon  resonance  in  the  vicinity  of  plas¬ 
monic  nanostructures.!5-7!  it  js  well  known  that  the  plasmon 
absorption  (resonance  condition)  and  electromagnetic  cou¬ 
pling  between  metal  nanoparticles  can  be  tuned  by  external 
ambient,  shape,  dimensions,  interparticle  distance,  and  ori¬ 
entation.  !8-10l  Of  special  interest  is  the  coupling  of  surface 
plasmon  resonances  (SPR)  in  adjacent  metal  nanostructures 
separated  by  nanoscale  gaps,  which  can  modulate  the  optical 
absorption  through  coupling  of  plasmonic  resonances.  !n! 
These  nanoscale  gaps  between  plasmonic  nanoparticles  are 
also  of  intense  interest  as  the  formation  of  “hot  spots”  caused 
by  the  intense  electric  fields  present  in  the  gaps  has  been 
seen  to  dramatically  enhance  Raman  scattering,  leading  to 
extremely  sensitive  analyte-detection  schemes. !5,12-181 

Recently,  the  development  of  active  plasmonic  nanos¬ 
tructures,  which  exhibit  selectively  and  reversibly  tunable 
optical  properties,  has  become  an  intense  area  of  interest, 
especially  in  the  fields  of  bioimaging,  as  well  as  chemical 
and  biological  sensing.  I19,20!  The  development  of  active  plas¬ 
monic  nanostructures  has  the  potential  to  open  a  wide  range 
of  new  possibilities  beyond  the  simple  tracking  of  biomol¬ 
ecules.  For  example,  active  plasmonic  nanostructures  and 
other  quantum  phenomena  could  be  used  to  detect  catalytic 
events,  map  chemical  gradients,  and  changes  in  pH  in  situ.!21- 
24!  This  responsive  behavior  can  be  realized  by  functionaliza¬ 
tion  of  nanoparticles  with  active  moieties,  such  as  responsive 
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polymers  that  can  mediate  SPR  coupling  by  changing  the 
spatial  dimensions  of  interparticle  gaps  and  aggregation.  A 
number  of  physical  phenomena  that  cause  large  dimensional 
changes  in  materials  due  to  volume  phase  transformations 
can  be  utilized  for  the  design  of  these  nanostructures.!25-27! 
Nanostructures  such  as  metal  nanoparticles  and  quantum 
dots  have  been  widely  used  to  track  and  detect  biomolecules 
in  cells,  tissues,  and  whole  organisms.!28! 

To  date,  the  vast  majority  of  these  efforts  have  concen¬ 
trated  on  active  control  of  SPR  through  aggregation  of  nano¬ 
particles  or  through  changes  in  the  surrounding  dielectric 
medium.!29!  Changes  in  the  surrounding  dielectric  medium 
can  be  used  to  detect  binding  or  adsorption  of  chemical  or 
biological  molecules  on  the  particle  surface  and  swelling 
of  a  grafted  polymer  layer  in  a  solvent. I p°,3t]  However,  such 
changes  are  limited  in  the  types  of  stimuli  that  can  be  used 
and  binding  of  biomolecules  is  often  accompanied  by  spon¬ 
taneous  and  nonreversible  aggregation  of  nanoparticles,  pre¬ 
cluding  quantitative  analysis  of  the  optical  response. 

For  instance,  the  controlled  placement  of  nanoparticles  in 
the  vicinity  of  the  proper  surfaces  was  suggested  by  Minko 
et  al.  as  an  efficient  path  to  create  a  responsive  surface.!32! 
Zhao  et  al.  have  demonstrated  controlled  temperature  and 
light  activation  of  aggregation  as  a  way  to  modulate  optical 
properties. !33,341  In  another  study,  Nie  et  al.  have  also  dem¬ 
onstrated  pH-controlled  aggregation  of  Raman-encoded 
nanoparticles  as  a  way  to  turn  on  and  off  surface-enhanced 
Raman  scattering  (SERS)  activity.!35!  The  aggregation-based 
optical  properties  of  nanoparticles  have  also  been  extended 
to  detect  the  enzymatic  activity  of  endonucleases  and  meth- 
yltransferases.!36!  The  major  limitation  of  aggregation-based 
approaches  is  the  requirement  of  high  concentrations  of  nan¬ 
oparticles  so  that  aggregation  can  be  induced.  This  restricts 
the  versatility  of  this  approach,  especially  in  cases  where  it 
is  difficult  to  deliver  high  concentrations  of  nanoparticles. 
Moreover,  the  reliance  on  uncontrolled  nanoparticle  aggre¬ 
gates  precludes  the  utilization  of  this  phenomenon  for  intrac¬ 
ellular  sensing  platforms. 

In  this  Communication,  we  demonstrate  the  pH-triggered 
SPR  and  SERS  properties  of  silver  nanowires  functional¬ 
ized  with  gold  nanoparticles  in  both  solution  and  dry  states. 
In  contrast  with  previous  examples  of  such  bimetallic  nano¬ 
cobs,  we  utilize  here  a  responsive  polyacrylic  acid  (PAA) 
nanocoating  that  acts  as  a  linker  between  the  nanoparticles 
and  nanowire.!37!  The  pH-responsive  nature  of  the  PAA 
nanocoating,  which  is  sensitive  to  the  environmental  pH, 
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pH-Triggered  SERS  via  Modulated  Plasmonic  Coupling 


is  employed  to  vary  the  separation  distance  between  the 
gold  nanoparticles  and  the  silver  nanowire  and  thus  control 
plasmon  coupling.  Moreover,  placing  nanoparticles  inside  a 
polymer-gel  layer  in  close  proximity  to  the  nanowire  surface 
effectively  prevents  any  potential  aggregation  of  nanopar¬ 
ticles  under  variable  environmental  conditions,  in  contrast 
with  regular  nanoparticle  solutions,  which  easily  precipitate 
with  changing  conditions. 

Remarkably,  this  phenomenon  is  observed  not  only  in 
the  wet  state  (reversible  changes  in  solution)  but  also  under 
dry  ambient  conditions,  indicating  that  pH-induced  changes 
in  the  wet  PAA  nanocoating  are  robust  enough  to  maintain 
changes  in  the  optical  properties  and  morphology  even  in 
the  dry  state.  To  this  end,  high-resolution  transmission  elec¬ 
tron  microscopy  (HRTEM)  employed  in  this  work  reveals 
that  the  thickness  of  the  dry  PAA  nanocoating  in  the  col¬ 
lapsed  state  is  approximately  equal  to  the  width  of  only  two 
polymer  backbones  (=0.9  nm).  Unexpectedly,  even  after 
drying  in  high  vacuum,  the  pH-treated,  initially  swollen 


PAA  nanocoating  had  a  thickness  of  4  nm.  Such  dramatic 
morphological  changes  result  in  the  appearance  of  broad 
SPRs,  which  is  critical  for  the  appearance  of  a  large  SERS 
phenomenon. 

The  hybrid  bimetallic  nanocob  structures  were  prepared 
by  a  multistep  assembly  of  positively  charged  gold  nano¬ 
particles,  Au:4-dimethylaminopyridine  (DMAP),  onto  PAA- 
coated  negatively  charged  one-dimensional  silver  nanowires 
(Ag:COOH).P7’38l  TEM  and  atomic  force  microscopy  (AFM) 
images  show  the  length  of  Ag  nanowires  to  be  6  +  2  pm  with 
a  diameter  of  D  =  75  +  20  nm,  aspect  ratio  of  80,  and  the  char¬ 
acteristic  grainy-surface  morphology  of  bimetallic  nanowires 
with  gold  nanoparticles  surrounding  silver  nanowire,  as 
shown  in  Figure  la  and  the  Supporting  Information  (SI). 
From  the  HRTEM  images,  the  diameter  of  the  spherical  Au 
nanoparticles  attached  to  the  Ag  nanowires  was  found  to  be 
4.1  ±  1  nm  (Figure  lb).  HRTEM  images  confirm  the  crystal 
structure  of  the  Au  nanoparticle  with  0.23  nm  corresponding 
the  (111)  lattice  spacing  (Figure  lb)J39! 


Figure  l.  Structure  of  responsive  nanocobs:  a)  TEM  images  of  the  nanocobs.  The  top  inset  shows  a  low-magnification  view  and  the  bottom  inset 
shows  a  high-resolution  image  of  the  Au  nanoparticles  on  the  Ag  nanowire,  b)  HRTEM  image  of  Au  nanoparticles  (inset  shows  Fourier  transform), 
c)  Schematic  depicting  how  pH-triggered  changes  in  PAA  thickness  lead  to  variable  interparticle  distances. 
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The  PAA  nanocoating  serves  two  important  purposes  in 
the  fabrication  of  bimetallic  nanocobs.  Firstly,  the  PAA  layer 
stabilizes  the  hybrid  nanostructures  in  the  solution,  which  oth¬ 
erwise  tend  to  form  irreversible  aggregates  that  precipitate 
quickly.  The  PAA-coated  nanocobs  are  very  stable  in  aqueous 
solution;  however,  due  to  the  large  size  of  the  nanowires  they 
settle  due  to  gravitational  forces  after  several  hours.  Even  after 
settling,  the  nanowires  are  easily  dispersed  by  mild  sonication. 
No  irreversible  aggregates  were  observed  even  after  centrifu¬ 
gation  of  the  nanocobs  or  storage  of  the  samples  for  several 
months.  Secondly,  PAA,  which  is  a  weak  anionic  polyelectrolyte, 
imparts  novel  pH-responsive  properties  to  the  bimetallic  hybrid 
nanocobs  (Figure  lc).  It  is  well  known  that,  at  neutral  pFI,  the 
PAA  takes  on  a  highly  swollen  state.  Deprotonated  carboxylic 
groups  cause  an  influx  of  counter  ions  and  hence  dramatic 
swelling  (factor  of  5-10  in  linear  dimension)  of  the  polymer 
layer)40!  However,  the  PAA  coating  collapses  at  lower  pH  upon 
protonation  of  the  carboxylic  acid  side  group  at  pH  values 
above  3.6)40!  Here,  we  suggest  that  this  swelling-deswelling 
volume  transition  at  pH  3.6  can  be  used  to  drive  the  plasmonic- 
coupling  phenomena  in  the  bimetallic  nanocob  (Figure  lc). 

Complex  UV-vis  spectra  for  the  assembled  bimetallic 
nanocobs  in  solution  reveal  the  presence  of  individual  SPR 
peaks  and  variable  coupling  contributions  at  pH  2  and  pH  7 
(Figure  2).  The  UV-vis  spectra  of  the  component  solutions 


show  a  characteristic  silver-nanowire  SPR  peak  at  390  nm 
and  a  characteristic  SPR  peak  at  533  nm  for  individual  gold 
nanoparticles.  P8!  The  electron-energy-loss  spectroscopy 
(EELS)  spectrum  of  adsorbed  bimetallic  nanocobs  shows  a 
peak  at  3.3  eV  corresponding  to  an  approximate  wavelength 
of  375  nm,  thus  confirming  an  intact  silver  surface  after  modi¬ 
fication,  adsorption,  and  drying  (see  the  SI). 

The  deconvolution  of  the  UV-vis  spectra  for  assembled 
nanocobs  in  solution  clearly  reveals  four  major  contributing 
peaks:  the  first  peak  below  400  nm  belongs  to  silver  nanowires, 
the  second  peak  within  500-550  nm  represents  SPR  for  indi¬ 
vidual  gold  nanoparticles,  and  smaller  peaks  within  700-850  nm 
are  caused  by  SPR  resonances  originating  from  coupling  of 
gold-gold  and  gold-silver  nanostructures.  P,37l  Comparison  of 
UV-vis  spectra  at  different  pH  reveals  a  significant  redshift 
in  the  SPR  peak  of  gold  nanoparticles  from  525  nm  at  pH  7 
to  550  nm  at  pH  2.  The  SPR  peak  due  to  the  coupling  of  gold 
and  silver  components  also  exhibits  a  redshift  from  700  to 
730  nm.  Both  shifts  indicate  increased  plasmon  coupling 
between  gold  nanoparticles  and  between  gold  nanoparticles 
and  silver  nanowires,  which  causes  the  dramatic  appear¬ 
ance  of  SERS  (see  below).  These  changes  can  be  attributed 
to  both  a  variation  in  the  surrounding  dielectric  caused  by 
swelling  of  the  PAA  coating  and  to  a  change  in  plasmon  cou¬ 
pling  between  the  Au  nanoparticles  and  the  Ag  nanowires. 


(a) 


(c) 


(b) 
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Figure  2.  a)  UV-vis  spectra  of  solutions  with  Au  nanoparticles  and  Ag  nanowires,  b)  UV-vis  spectrum  of  a  solution  of  bimetallic  nanocobs  at  pH  7. 
c)  UV-vis  spectrum  of  a  solution  of  bimetallic  nanocobs  at  pH  2;  d)  Raman  spectra  of  R6G  adsorbed  on  a  single  nanocob  at  pH  2  and  pH  7. 
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Figure  3.  HRTEM  analysis  of  bimetallic  nanocobs,  a)  Total  thickness  of  PAA  nanocoating  from  individual  nanocobs  cast  from  at  pH  2  and  pH  7. 

b)  HRTEM  images  showing  a  PAA  layer  on  Ag  nanowire  at  pH  7  (inset:  corresponding  Fourier  transform).  HRTEM  images  of  a  nanocob  surface  at  pH 

c)  2  and  d)  7  showing  changes  in  polymer  thickness  and  interparticle  distance. 


In  order  to  verify  how  the  observed  changes  in  UV-vis 
spectra  and  SERS  enhancement  correlate  with  structural 
reorganizations,  the  morphology  in  the  vicinity  of  the  silver 
surfaces  was  monitored  using  HRTEM.  Probing  the  struc¬ 
tural  changes  in  the  ultrathin  (2-5  nm)  PAA  nanocoating 
wrapped  around  the  nanowires  is  extremely  technically  chal¬ 
lenging.  Conventional  approaches  for  monitoring  changes  in 
the  coating  thickness,  such  as  ellipsometry  and  AFM,  cannot 
be  readily  applied  in  this  case.  As  we  find  that  the  observed 
changes  in  the  UV-vis  and  SERS  enhancement  persist  even 
in  the  dry  state,  it  is  critical  to  experimentally  determine 
structural  features  in  the  dry  nanocobs.  Dry-state  samples 
were  prepared  for  HRTEM  by  depositing  2  uL  of  dilute 
aqueous  nanocob  solution  at  either  pH  2  or  pH  7  directly  on 
lacey  carbon-coated  TEM  grids  and  the  solution  was  allowed 
to  dry  at  ambient  conditions.  Concentrated  HC1  was  used  to 
adjust  the  pH  of  the  nanocob  solution  to  pH  2  as  measured  by 


a  digital  pH  meter.  The  pH  7  samples  were  deposited  directly 
from  18.2  MO  cm  water  without  any  additional  treatment. 

Indeed,  the  HRTEM  images  clearly  reveal  dramatic 
changes  in  the  morphology  of  the  PAA  nanocoating  on  nano¬ 
cobs  adsorbed  from  solutions  with  different  pHs  (Figure  3). 
Firstly,  at  acidic  conditions  (collapsed  state),  the  total  thick¬ 
ness  of  the  PAA  nanocoating  was  found  to  be  0.88  ±  0.19  nm 
(Figure  3a).  In  contrast,  the  same  PAA  nanocoating  at  pH  7 
was  found  to  be  3.95  +  0.33  nm.  It  is  important  to  note  that 
a  four-fold  change  in  the  PAA  thickness  is  observed  here  in 
the  highly  dried  state  in  contrast  to  conventional  observa¬ 
tions  in  the  wet  state)41!  We  suggest  that  the  very  significant 
differences  in  the  thickness  of  the  PAA  layer,  even  in  the  dry 
state,  is  due  to  rapid  drying  of  the  nanocobs  after  deposition 
and  the  maintenance  of  acidic  pH  during  the  deposition  and 
drying  process.  Since  dilute  aqueous  HC1  solutions  are  known 
to  have  vapor  pressures  and  boiling  points  very  similar  to  that 
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of  pure  water,  it  is  expected  that,  while  the  local  pH  may  vary 
slightly,  an  acidic  pH  below  the  pKa  of  3.6  for  PAA  would  be 
maintained  throughout  the  drying  process. 

The  internal  morphology  of  the  PAA  nanocoating  of 
silver  nanowires  cast  from  solutions  with  different  pH  was 
revealed  by  HRTEM  (Figure  3).  After  drying  from  acidic 
conditions,  the  PAA  nanocoating  is  highly  collapsed  and  it 
is  impossible  to  reveal  the  detailed  morphology  of  collapsed 
polymer  chains  (Figure  3c).  However,  at  pH  7,  large  PAA 
regions  (up  to  10  nm  x  10  nm)  can  be  found  in  the  expanded 
state  of  continuous  coatings  despite  the  fact  that  the  speci¬ 
mens  were  in  the  dry  state,  an  unexpected  result  even  for  gel 
materials.  This  expanded  state  allowed  for  observation  of  the 
molecular  ordering  in  the  swollen-dried  state  (Figure  3b, d). 
The  HRTEM  image  shows  randomly  varied  contrast  (bright 
and  dark  areas),  which  can  be  related  to  the  presence  of 
the  amorphous  PAA  phase.  The  question  of  whether  the 
observed  expanded  state  can  be  associated  with  nanopores 
formation/preservation  under  the  confined  state  of  the  nano¬ 
scale  coating  with  embedded  nanoparticles  and  the  exact 
nature  of  the  unusual  phenomenon  observed  here  remain 
to  be  elucidated.  The  Fourier  transform  shows  a  diffuse 
halo  usually  arising  from  liquid-like,  short-range  molecular 
ordering,  a  characteristic  of  amorphous  polymer  phases  with 
or  without  porous  morphologies.  However,  the  exact  location 
of  this  halo  in  reciprocal  space  is  variable  depending  on  the 
defocus  value  of  the  objective  lens  in  HRTEM  with  further 
analysis  required  for  conclusive  discussion  on  the  nature  of 
the  nanoscale  morphology  observed  here.!42!  It  is  difficult  to 
make  such  local-density  measurements  from  local  variation 
of  the  phase  contrast  of  HRTEM  images  of  gel  nanocoatings. 
However,  alternative  imaging  techniques  to  quantitatively 
determine  local  density  are  currently  underway. 

The  change  in  the  separation  of  the  gold  nanoparti¬ 
cles  and  the  silver  surface  is  caused  by  the  expanded  state 
of  the  PAA  layer  (Figure  3).  At  pH  2,  the  distances  evalu¬ 
ated  from  HRTEM  images  vary  widely  but  stay  below  1  nm, 
indicating  almost  direct  contact  of  gold  nanoparticles  and 
silver  nanowires  (Figure  3a).  In  contrast  at  pH  7,  swelling 
of  the  PAA  layer  results  in  many  of  the  gold  nanoparticles 
appearing  to  be  lifted  off  the  silver  surface.  The  average 
distance  between  the  gold  nanoparticles  and  silver  surface 
increases  to  above  3  nm.  We  suggest  that  the  formation  of 
such  a  wide  gap,  as  compared  to  optimal  gap  size  of  within 
1-2  nm,  compromise  the  plasmon  coupling  and  diminish  the 
appearance  of  a  strong  SERS  phenomenon.!11] 

To  verify  how  the  reorganization  of  local  morphology 
observed  with  HRTEM  affects  critical  optical  properties 
such  as  the  SERS  phenomenon,  a  known  Raman  marker, 
R6G,  was  employed  as  a  model  analyte  (Figure  2d).!43,44! 
While  the  PAA  polymer  is  also  present  in  the  metal/metal 
gap,  the  Raman  scattering  of  R6G  is  much  stronger  than  that 
of  PAA  and  is  dominant  in  the  Raman  spectra.  Character¬ 
istic  peaks  from  PAA  that  are  reported  in  the  literature  are 
apparently  not  SERS  active  because  they  do  not  appear  in 
any  of  the  spectra  obtained.!45!  The  SERS-peak  assignment 
of  R6G  adsorbed  on  colloidal  silver  correspond  to  the  litera¬ 
ture  data:  614  cm"1  is  C-C-C  ring  in-plane  bending;  774  and 
1129  cm"1  are  C-H  in-plane  bending;  and  1183,  1310,  1363, 


1509,  1572,  and  1648  cm"1  are  aromatic  C-C  stretches.!43! 
Nanocob  solutions  were  exposed  to  10"6  m  R6G  at  pH  7. 
Excess  R6G  was  washed  before  the  solutions  were  adjusted 
to  pH  2.  Raman  spectra  were  collected  from  a  selected  sur¬ 
face  area  that  included  only  a  single  bimetallic  nanocob 
deposited  on  a  silicon  surface.  Care  was  taken  to  ensure  that 
the  polarization  direction  was  normal  to  the  long  axis  of  the 
nanocob  as  this  has  been  shown  to  have  a  strong  influence 
on  the  intensity  of  SERS  enhancement  in  coupled  nanopar¬ 
ticle-nanowire  systems. !46,47!  At  pH  7,  the  Raman  spectrum 
for  R6G  has  a  very  low  intensity  observed  by  the  barely  vis¬ 
ible  peaks  (Figure  2d).  In  contrast,  the  Raman  spectra  for  a 
single  bimetallic  nanocob  cast  from  pH  2  solution  shows  sim¬ 
ilar  R6G  peaks  but  with  increased  intensity  (more  than  two 
orders  of  magnitude)  (Figure  2d).  All  peaks  are  sharp,  well 
defined,  and  intense  thus  indicate  a  strong  SERS  enhance¬ 
ment  after  PAA  nanocoating  collapse  to  a  very  thin  (<1  nm) 
coating  at  pH  2. 

In  conclusion  we  have  demonstrated  a  bimetallic  hybrid 
nanostructure  assembled  from  gold  nanoparticles  embedded 
into  a  responsive  PAA  nanocoating  around  silver  nanowires 
in  which  modulation  of  the  gold-silver  structural  distances 
can  serve  as  a  chemical  trigger  for  SERS  activity.  These 
finding  are  unique  in  that  the  modulation  of  the  optical 
Raman  signal  occurred  without  uncontrolled  interparticle 
aggregation  but  only  through  changes  in  the  interparticle 
distances  within  a  single  nanocob  complex.  The  tunable  sepa¬ 
ration  distance  between  the  two  plasmonic  nanostructures 
resulted  in  modulation  of  electromagnetic  coupling  and  thus 
a  dramatic  change  in  the  corresponding  SERS  enhancement. 
The  observed  optical  properties  are  reversible  in  wet  state 
and  can  be  presented  in  the  dry  state. 

We  suggest  that  the  ability  to  change  the  optical  and 
SERS  properties  of  a  single  nanostructure  is  a  significant 
advancement  over  the  current  approach  involving  aggrega¬ 
tion  of  multiple  nanoparticles  by  allowing  measurements 
to  be  made  independently  of  nanoparticle  concentration 
and  under  robust  conditions.  Placing  nanoparticles  inside 
a  polymer-gel  layer  in  close  proximity  to  the  nanowire 
surface  suggested  here  effectively  prevents  any  potential 
aggregation  of  nanoparticles  under  variable  environmental 
conditions,  in  contrast  with  regular  nanoparticle  solutions, 
which  easily  precipitate  with  even  a  slight  change  in  envi¬ 
ronmental  conditions  (temperature,  ionic  conditions,  pH, 
and  shelf  time).  Future  directions  must  focus  on  increasing 
the  versatility  of  such  complexes  by  the  incorporation  of 
polymers  that  are  responsive  to  a  wider  array  of  and  more 
practically  important  triggers,  including  temperature,  light, 
electric  field,  and  the  presence  of  chemical  or  biological 
analytes.  Also  of  great  importance  is  an  improved  path  for 
the  fabrication  of  complexes  with  more  homogeneous  mor¬ 
phology,  yielding  stronger  optical  shifts,  and  systems  such 
as  nanoforests  capable  of  multiplexed  detection.  Nanopar¬ 
ticle  complexes  designed  with  the  basic  principles  described 
in  this  work  have  the  potential  to  play  a  significant  role  in 
chemical  and  biological  sensing  applications  that  can  be 
expanded  to  a  wide  variety  of  extreme  environmental  con¬ 
ditions,  such  as  in-field,  long-term,  intracellular,  or  in  vivo 
applications. 
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pH-Triggered  SERS  via  Modulated  Plasmonic  Coupling 


Experimental  Section 

All  chemicals  were  acquired  from  Sigma-Aldrich,  Alfa-Aesar, 
VWR,  and  Fisher  and  used  as  received  without  further  purifica¬ 
tion:  silver  nitrate  salt  (99.97%),  poly(vinylpyrrolidone)  (PVP; 
/Wn  =  1  300  000  Da),  ethylene  glycol  (99%),  Fe(acac)3, 
poly(allylamine  hydrochloride)  (PAH ;  Mn  =  70  000  g  mol-1),  PAA 
(Mn  =  100  000  g  mol-1,  35  wt%  solution),  transparent  phosphate 
buffer  (pH  7,  0.05  m),  R6G,  and  dimethylformamide  (ACS  reagent 
grade).  Silver  nanowires148,491  and  gold  nanoparticles1501  were 
synthesized  in  high  yield  according  to  standard  procedures.  In 
the  procedures  described  below,  2  mg  mL-1  PAA  solution  in  pH  7 
phosphate-buffered  solution  (0.01  m)  is  used  for  modification.  All 
associated  glassware  were  cleaned  with  aqua  regia  solution  (3:1 
HCl: H  N03)  and  rinsed  abundantly  with  nanopure  water. 

Silver-Nanowire  Synthesis :  A  60  mL  solution  of 
polyvinylpyrrolidone)  (PVP;  0.36  m)  in  ethylene  glycol  was  heated 
at  160  °C  under  constant  stirring  for  1  h  to  remove  water  from  the 
solution.  Next,  a  separate  30  mL  solution  of  silver  nitrate  in  eth¬ 
ylene  glycol  (AgN03,  0.12  m)  was  prepared  at  room  temperature  by 
vigorous  vortexing.1411  Sonication  or  heating  was  avoided,  since  it 
could  lead  to  the  unwanted  formation  of  silver  nanoparticles.  Next, 
50  pg  of  Fe(acac)3  in  0.5  mL  ethylene  glycol  solution  was  added  into 
the  hot  PVP  solution,  followed  by  dropwise  addition  of  the  homoge¬ 
neous  silver  nitrate  solution.  The  drop-wise  addition  was  done  man¬ 
ually  by  means  of  pipette.  The  solution  mixture  was  allowed  to  stir 
for  a  minimum  of  1  h  or  until  the  solution  turned  opaque  gray.  The 
formation  of  silver  nanowires  could  be  easily  confirmed  from  optical 
microscopy  with  20x  or  50x  objectives  in  the  dark-field  mode. 

4-D MAP-Coated  Gold-Nanoparticle  Synthesis :  4.1  mL  aqueous 
solution  of  gold  chloride  (HAuCl^-HCI;  30  min)  was  mixed  with  6.8  mL 
toluene  solution  of  tetraoctylammonium  bromide  (TOAB;  25  miw)  and 
vigorously  stirred.  As  soon  as  all  of  the  gold  chloride  salt  has  trans¬ 
ferred  from  the  aqueous  phase  into  the  organic  phase,  as  seen  from 
the  distinctive  yellow-orange  color,  a  freshly  prepared  4.1  mL  ice-cold 
aqueous  solution  of  sodium  borohydride  (NaBH4;  0.4  m)  solution  is 
added  dropwise  into  the  two-phase  solution  mixture.  The  solution 
mixture  gradually  turns  dark  purple,  almost  black,  accompanied  by 
vigorous  bubbling.  The  final  solution  mixture  is  left  to  stir  overnight. 
The  next  day,  the  purple  organic  phase  is  extracted  using  a  pipette 
and  washed  with  0.1  m  sulfuric  acid,  followed  by  washing  with  0.1  m 
sodium  hydroxide,  and  finally  is  washed  three  times  with  nanopure 
water.  Equal  volume  of  an  aqueous  solution  of  4-DMAP  (0.1  m)  is  then 
added  to  the  gold  nanoparticles  solution.  Within  1  h,  the  gold  nanopar¬ 
ticles  moved  into  the  aqueous  phase.  The  aqueous  phase  is  pipetted 
out  and  separated  from  the  organic  phase  to  give  Au:DMAP  solution. 

Attachment  of  Gold  Nanoparticles  Onto  Silver  Nanowires :  A 
certain  amount  of  the  methanolic  solution  of  silver  nanowires 
can  be  easily  isolated  from  its  solution  by  brief  centrifugation  at 
3300  rpm  for  <5  min.  Following  the  centrifugation  in  preweighed 
centrifuge  tubes,  the  transparent  supernatant  is  pipetted  out  to 
remove  spherical  nanoparticles.  A  typical  concentration  used  for 
the  subsequent  procedure  is  1-3  mg  mL-1. 

To  obtain  negatively  charged  silver  nanowires,  10  mg  of  silver 
nanowires  is  mixed  with  cysteamine  (NH2CH2CH2SH)  overnight 
at  a  1:10  mole  ratio  between  the  silver  atom  and  cysteamine  in 
methanol  at  a  concentration  of  0.5  mg  mL-1.  The  modified  silver 
nanowires  were  isolated  from  excess  ligands  by  multiple  centrifu¬ 
gation-redispersion  cycle  in  methanol.  Finally,  the  silver  nanowires 


are  stored  at  pH  7  in  phosphate  buffer  solution  to  activate  the  sur¬ 
face  charge  (1  mg  mL-1concentration,  10-5  m  phosphate  buffer). 
Silver  nanowires  are  dispersible  in  the  pH  7  buffer  solution  when 
sonicated  or  vortexed  but  gradually  precipitate  within  30  min.  The 
silver  nanowires  are  then  redispersed  in  a  PAA  solution  (2  mg  mL-1, 
0.01  m  phosphate  buffer)  with  the  aid  of  brief  sonication  and  vor¬ 
texing  (0.5  mg  mL-1  concentration). 

The  gold  nanoparticle  densities  on  silver  nanowire  sub¬ 
strates  are  varied  as  follows.  To  obtain  low-density  gold  nanopar¬ 
ticles,  a  0.1  mL  solution  of  the  as-prepared  Au:DMAP  solution  is 
diluted  in  a  2.4  mL  nanopure  water  (pH  7,  2  x  10-3  m  phosphate 
buffer).  Next,  this  solution  mixture  is  added  dropwise  into  a  stir¬ 
ring  solution  of  2.5  mL  of  negatively  charged  silver  nanowires 
(1  mg  mL-1  concentration,  pH  7,  2  x  10-3  phosphate  buffer).  The 
solution  mixture  is  sonicated  for  30  s  and  vortexed  for  2  min  to 
ensure  uniform  attachment  of  gold  nanoparticles  onto  the  silver- 
nanoparticle  surface.  Any  excess  of  unattached  gold  nanoparticles 
is  then  removed  by  centrifugation  (3300  rpm,  5  min).  The  silver- 
nanowire-gold-nanoparticle  nanostructures  are  then  redispersed 
in  PAA  solution  (2  mg  mL-1,  0.01  m  phosphate  buffer)  with  the 
aid  of  brief  sonication  and  vortexing  (0.5  mg  mL-1  concentration). 
Excess  of  unattached  PAA  is  removed  with  multiple  centrifugation 
and  redispersion  cycles  in  nanopure  water.  This  is  to  coat  the  outer 
silver-gold  nanostructure  with  PAA.  Otherwise,  the  silver-gold 
nanoparticles  are  not  dispersible  in  water.  For  high-density  gold 
nanoparticles,  a  0.5  mL  solution  of  the  as-prepared  Au:DMAP  solu¬ 
tion  is  used  instead  for  the  same  amount  of  silver  nanoparticles. 
Correspondingly,  five-fold  phosphate-buffer  concentration  is  used. 

Characterization:  The  nanocob  solutions  were  adjusted  to  pH 
2  by  drop-wise  addition  of  concentrated  HCl.  The  pH  of  the  solu¬ 
tion  was  monitored  using  a  digital  pH  meter.  UV-vis  spectra  of 
nanocob  solutions  at  pH  7  and  2  were  recorded  using  a  Shimadzu 
UV-2450  spectrophotometer.  Samples  were  prepared  for  dry- 
state  characterization  (AFM,  HRTEM,  and  Raman  spectroscopy)  by 
depositing  2  pL  of  nanocob  solution  on  either  lacey  carbon-coated 
TEM  grids  or  freshly  piranha-cleaned  silicon  substrates.  The  solu¬ 
tion  was  allowed  to  dry  at  ambient  conditions.  AFM  topographical 
and  phase  images  were  obtained  using  a  Dimension-3000  micro¬ 
scope  in  the  tapping  mode  at  1. 0-2.0  Hz  scan  rate,  according  to 
the  usual  procedure.151'521  HRTEM  images  and  EELS  spectra  were 
collected  using  a  300  kV  FEI  Titan  microscope  equipped  with  a  Cs 
image  corrector  and  a  Gatan  Imaging  Filter  (GIF)  Tridiem. 

Raman  spectra  were  collected  with  an  Alpha300R  Witek  con- 
focal  Raman  microscope  with  Argon  ion  laser  (A  =  514.5  nm)  with 
the  incident  power  set  below  3  mW  and  20  s  integration  time.1531 
The  samples  are  prepared  for  Raman  measurements  by  first 
exposing  the  wires  to  10-6  m  R6G  at  neutral  pH.  Excess  R6G  is 
then  removed  by  centrifuging  the  nanocobs  and  rinsing  with  water. 
Following  removal  of  the  excess  R6G,  the  pH  of  the  samples  was 
adjusted  to  pH  2  as  described  above. 
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